Gas phase reactions amongst filament-generated radicals play a crucial role in growth and properties of films deposited by hot wire chemical vapor deposition (HWCVD) technology. Gas phase species of interest are SiH 4 , H 2 , Si, H, SiH 3 , SiH 2 and SiH. Partial pressures of these species for different sets of deposition conditions have been determined from the standard Gibbs free energy data. Equilibrium concentrations of the film forming precursors have been determined. The effect of the various process parameters on the equilibrium concentration of the precursors has been studied. H, Si and SiH are found to be the dominant species in gas phase above a filament temperature of 2300 K. However SiH 3 and SiH 2 concentration peaks are between 1900 and 2300 K, of the filament temperature.
Introduction
Understanding the gas phase chemistry and the energetics of the growth process is very important in the case of decoupled chemical vapor deposition processes such as plasma enhanced chemical vapor deposition (PECVD) and hot wire chemical vapor deposition (HWCVD) where the decomposition of the source gas takes place away from the substrate plane. The decoupled nature of these processes enable us to deposit films at much lower substrate temperatures than what is required in a conventional thermal CVD process. However, unlike in the thermal CVD where we consider the transport of only of the source gas, in these cases the transport of the dissociated species from the plane of formation to the substrate surface has to be considered. Since these species are quite reactive they undergo what are called as secondary gas phase reactions before finally landing on the substrate surface. Subsequently the growth kinetics and energetic decide the final film properties. In the HWCVD it is the heated filament, which is responsible for the dissociation of the source gas into various species. The filament is at very high temperature while the substrate could be at room temperature. Thus we have gradients of both temperature and pressure as we approach the substrate plane. Having reached the substrate the radicals undergo various sequential events like surface migration, nucleation coalescence etc., before the film starts to grow. Simultaneously these are the species in the gas phase, which led to abstraction of species from the growing surface. All these events make the entire deposition process quite complex. Nonetheless there have been numerous attempts to understand these intricacies of the decoupled CVD process. In this work we have made attempts to profile the equilibrium concentration of the important species as a function of some process parameters. We show from these results that some radicals show very different pattern of variation, which can be related to the interaction of the generated species with the incoming precursors.
Process description
A mixture of two gases namely hydrogen and silane are introduced into the reaction chamber containing the hot filament. The hydrogen and the silane gas undergo complete dissociation when they come in contact with the hot filament. The silicon and hydrogen atoms that are formed then undergo secondary gas phase reactions giving rise to new species that actually take part in the film deposition.
Typical operating conditions used in the process for the deposition are: 
Model description
Thermodynamics gives information concerning the stability of substances, the yields and the methods of avoiding undesirable substances. Thermodynamic analysis comes first when understanding a phenomenon. It helps to know the window of operation for process variables such as temperature, pressure, composition etc. In HWCVD the velocity of incoming gases is quite small and temperature especially near the hot wire is quite high, hence a reasonable picture of gas chemistry can be obtained from thermodynamic analysis. In this paper the gas phase composition in HWCVD has been obtained assuming thermodynamic equilibrium at various temperature, pressure and composition. Initially the chamber consists of SiH 4 and H 2 and the initial concentration of both the gases are known. In this study the species considered are Si, H, SiH 3 , SiH 2 , SiH, SiH 4 and H 2 [4, 5] . Only the gas phase chemistry has been considered. The seven species of interest can be formed from any reaction between silane and hydrogen.
Following reactions have been used for the calculation of the equilibrium constants K, and subsequently the partial pressures of the species [5] . The values of the parameters A, B and C of Eq. (7) have been obtained by interpolating the reported data [6, 7] . Generally the free energy variation with temperature is of the form given in the Eq. (7) [9] .
and
where, K = equilibrium rate constant, DG 0 = Standard Gibbs free energy change, R = Gas constant, T = Temperature. The values of the parameters A, B, C are given in the following table 
Equations
The following equations give the Si and H balance of the species of interest.
where, c 0 SiH 4 = initial silane concentration, c 0 H 2 = initial hydrogen concentration, p SiH 4 = partial pressure of silane, p Si = partial pressure of silicon, p SiH 3 = partial pressure of radical SiH 3 , p SiH 2 = partial pressure of radical SiH 2 , p SiH = partial pressure of radical SiH, p H 2 = partial pressure of H 2 , p H = partial pressure of radical H.
There are seven unknown variables namely partial pressures of Si, H, SiH 3 , SiH 2 , SiH, SiH 4 and H 2 , which are determined using five equations which relate the equilibrium constants of the reactions (1)-(5), the partial pressures of the corresponding species and the two mass balance Eqs. 
Results and discussion
The equilibrium gas composition at chamber pressure of 50 mTorr, filament temperature (T fil ) range of 1200-2600 K and hydrogen to silane initial mole ratio ðF H 2 =SiH 4 Þ is equal to 20 was calculated to understand the gas phase chemistry. Fig. 1 shows the variation of partial pressure of Si, H and SiH as a function of temperature, initial chamber pressure of 50 mTorr and F H 2 =SiH 4 equal to 20. It can be said that the dissociation of SiH 4 starts from 1800 K and H 2 dissociation at about 2000 K. Initially the partial pressure of Si and H increases very slowly, but at higher temperature the increase is sharp. As SiH 4 starts dissociating, the partial pressure of SiH increases. However beyond 2200 K, the dissociation of SiH to Si and H starts which decreases the concentration of SiH with corresponding increase of Si and H concentration. It has a highest partial pressure at 2200 K. Though not shown in the figure, it has been found that the partial pressure of SiH 4 and H 2 decreases with the increase in (T fil ), as expected. Fig. 2 shows the variation of partial pressure of SiH 3 and SiH 2 as a function of temperature. As the temperature increases there is considerable amount of SiH 3 in the gas phase. Though thermodynamically the formation of SiH 2 is feasible the partial pressure is 10 À5 Pa. As temperature increases further both these species break down to give Si and H. SiH 3 is claimed to be the most important film-forming precursor and films produced from SiH 3 are of device grade. This is due to its low sticking coefficient and high surface mobility on the growing surface. According to Matsumura [8] , SiH 3 is the dominant precursor and the H atom generated reacts with SiH 4 to give the SiH 3 . Tange et al. [2] performed experiments to identify the radicals in the gas phase reaction. They observed that at temperatures above 2200 K Si is the predominant species. At lower temperatures SiH 3 and SiH 2 are present. The results from the present thermodynamic analysis also show that at higher temperature Si is the predominant radical and the avail-ability of SiH 3 in the gas phase is limited to a temperature range of 1800-2200 K.
The analysis was further carried out for chamber pressure of 50 and 100 mTorr, and F H 2 =SiH 4 equal 20 and 40 to get their effect on gas phase chemistry. The results are presented below. Fig. 3 shows mole fractions of Si, and SiH and Fig. 4 shows the variation of partial pressure of H as a function of T fil , under the different process conditions as indicated. The partial pressure of H and Si at a given T fil is lower for higher chamber pressure. This can be explained on the basis of Le Chateliers principle. The backward reactions of reactions (1) and (2) will be favored when the pressure increases and so the dissociation of hydrogen and silane will be less at higher pressures. Similarly when F H 2 =SiH 4 is equal to 40 there is a greater amount of H in the gas phase, which favors the backward reaction and so the partial pressure of Si decreases.
Doyle et al. [1] have observed that SiH 4 dissociation is high than at lower pressure than at higher pressure. This, they explain in terms of the availability of reaction sites on the filament surface. At lower pressure, large numbers of reaction sites are available and so dissociation of SiH 4 is high. Although the present study does not consider the kinetic aspects, the result is consistent with the observations of Doyle et al.
In Figs. 5 and 6 the variation of the partial pressures of SiH 3 and SiH 2 are plotted as a function of T fil for different chamber pressure and F H 2 =SiH 4 . The recombination reactions (3)-(5) are favored at higher pressures, which are reflected by an increase in partial pressure of SiH 3 and Variation of partial pressure of Si and SiH as a function of filament temperature. 1: partial pressure of Si at pressure 50 mTorr and F H2=SiH4 20, 2: partial pressure of SiH at pressure 50 mTorr and F H2=SiH4 20, 3: partial pressure of Si at pressure 50 mTorr and F H2=SiH4 40, 4: partial pressure of SiH at pressure 50 mTorr and F H2=SiH4 40, 5: partial pressure of Si at pressure 100 mTorr and F H 2 =SiH 4 20, 6: partial pressure of SiH at pressure 100 mTorr and F H2=SiH4 20, 7: partial pressure of Si at pressure 100 mTorr and F H2=SiH4 40, 8: partial pressure of Si at pressure 100 mTorr and F H 2 =SiH 4 40. SiH 2 at higher chamber pressure. Partial pressure is highest at chamber pressure 100 mTorr and F H 2 =SiH 4 20, however as F H 2 =SiH 4 is increased to 40 the partial pressure drops to half its previous value as large amount of H 2 is present in the gas phase.
According to Gallagher [3] as the pressure increases, the radical production rate increases for there are more radical-radical collisions. This can consume the SiH 3 radicals faster through secondary gas phase reactions with subsequent generation of other species. Thus there tends to be a narrow window where there is an abundance of the SiH 3 species and thus obtaining of the device quality films.
Conclusion
The understanding of how T fil in the HWCVD technique affects silane decomposition and subsequent radical formation through secondary gas phase reactions has been studied. The results show that above 2300 K, Si and H are by far the most dominant species. SiH 3 , which is considered to be the most important precursor for obtaining device quality film, is available in the gas phase over a temperature range of 1800-2100 K. The presence of SiH and SiH 2 is seen in the temperature range of 2100-2300 K. The radicals SiH 3 , SiH and SiH 2 are produced in the gas phase by secondary reactions. This fact is reflected by the increase in the partial pressure of these species at higher pressure. T fil must be at least 1600 K before useful film forming precursors is produced in significant quantity. At higher T fil again the main species are Si and H. Thus the films that are formed at T fil higher than 2200 K could show poor electronic properties. The T fil regimes provide an opportunity to vary the radicals that, before or after gas phase reactions, induce film growth and properties. Another very important parameter is the initial concentration ratio of the source gases. This along with T fil determines the radical density and thus the film growth rate. Fine tuning of T fil , chamber pressure, concentration ratio of the source gas, thus allows one to achieve a good control over the film deposition and its properties. 
